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MTIONAL ADVISORY COMMITTEE FOR AEROMUTICS 
RESEARCH MEMORANDUM 

AERODIMMIC DESIGN OF AXIAL-FLOW COMPRESSORS 
VII - BLADE-ELEMENT FLOW IN ANNULAR CASCADES 
By William H. RoLTDins, RoLert J. Jackson^ and Seymour LieBlein 


SUMMARY 

A Blade-element analysis is made of annular-cascade data obtained 
primarily from single-stage compressor test installations. The parameters 
that describe blade-element flow (total -pressure loss^ Incidence angle, 
and deviation angle) are discussed with reference to the many variables 
affecting these parameters. The blade-element data are correlated over a 
fairly wide range of inlet Mach number and cascade geometry. Two blade 
shapes are considered in detail, the 65-series profile and the double- 
circular-arc airfoil. Compressor data at three radial positions near the 
tip, mean, and hub are correlated at minimum- loss incidence angle. Curves 
of loss, incidence angle, and deviation angle are presented for rotor and 
stator blade elements. These correlation curves are presented in such a 
manner that they are directly related to the low-speed two-dimensional- 
cascade results. As far as possible, physical explanations of the flow 
phenomena are presented. In addition, a calculation procedure is given 
to illustrate how the correlation curves could be utilized in compressor 
design. 


INTRODUCTION 

Axial -flow-compressor research has generally been directed toward 
the solution of either compressor design or compressor analysis problems. 
In the design problem, the compressor- inlet and -outlet conditions are 
given, and the compressor geometry must be determined to satisfy these 
conditions. In contrast, for the analysis problem the inlet conditions 
and compressor are specified, and the outlet conditions are desired. 

(The analysis problem is sometimes referred to as the "direct compressor 
problem. " ) 

There are two phases of the axial-flow-compressor design problem. 

In the first phase it is necessary to prescribe desirable velocity dis- 
tributions at each radius of the compressor that will ultimately fulfill 
the design requirements, A detailed discussion of the velocity-diagram 
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phase of the coinpressor design procedure is giTen in reference 1. Second- 
ly, proper hlade sections are selected at each radial position and stacked 
in proper relation to each other to estahlish the design velocity diagrams 
at each radius. In order to satisfy the design requirements successfully, 
accurate hlade row design data are needed. Successful analysis of a com- 
pressor (the analysis problem) also depends upon accurate blade-row data, 
not only at the design point but also over a wide range of flow conditions 
(ref. 2). 

In general, compressor designers have relied primarily on three 
sources of blading information; (l) theoretical (potential-flow) solu- 
tions of the flow past airfoil cascades, (2) low-speed two-dimensioneil- 
cascade data, and (3) three-dimensional annular-cascade data. Potential- 
flow solutions have been used to a limited extent. In order to handle 
the complex mathematics involved in the theoretical solutions, it is nec- 
essary to make simplifying asstnnptions concerning the flow field. Among 
the most important of these is the assumption of a two-dimensional flow 
field with no losses. Unfortunately, in some cases these assumptions lead 
to invalid results unless experimental correction factors are applied to 
the conqputed results. These solutions are reviewed in reference 3. 

A considerable amount of blade design data has been obtained from 
low Mach number experimental two-dimensional cascades. A rather complete 
history of the cascade work that has been done to date is presented in 
reference 4, which correlates cascade data at minimum-loss incidence angle 
for a wide range of inlet conditions and blade loadings. Low-speed two- 
dimensional-cascade data have been applied successfully in many compressor 
designs. However, with the design trends toward higher Mach numbers and 
higher blade loadings, these cascade results have not always been com- 
pletely adequate for describing the compressor flow conditions, particu- 
larly in regions of the coupressor where three-dimensional flow effects 
predominate . 

Because of such effects, it becomes essential that blade-element data 
be obtained in a three-dimensional compressor environment. These three- 
dimensional-cascade data (obtained primarily from single-stage conpressors) 
may then be used to supplement and correct the theoretical solutions and 
the two-dimensional-cascade information. Some success has been obtained 
in correlating annular-cascade data with the theory and the two- 
dimensional-cascade results (refs. 5 to 9)| however, the range of varia- 
bles covered in these investigations is not nearly complete. 

The purpose of this report is to correlate and summarize the availa- 
ble conpressor data on a blade-element basis for comparison with the two- 
dimensional-cascade data of reference 4, An attempt is made to indicate 
the regions of a compressor where low-speed two-dimensional-cascade data 
can be applied to compressors and also to Indicate the regions where cas- 
cade results must be modified for successful application to compressor 
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design. Two 'blade sections axe considered in detail^ the SAGA 65~series 
■blade and the double-circular-arc airfoil section. Particular emphasis 
is placed on obtaining Incidence angle, deviation angle, and loss corre- 
lations at minimum loss for blade elements near the hub, mean, and tip 
radii of both rotor and stator blades. Empirical correction factors that 
can be applied to the two-dimensional-cascade design rules are given, and 
application of the design rules and correction factors to compressor de- 
sign is illustrated. 


PRELIMIMRY COESIDEIIATIOIIS 
Blade-Element Concept 

In current design practice, the flow distribution at the outlet of 
compressor blade rows is determined from the flow characteristics of the 
individual blade sections or elements. The blade-element approach to 
compressor design is discussed in detail in references 10 and 11. To 
review briefly, axial -flow-compressor blades are evolved from a process 
of radial stacking of individual airfoil shapes called blade elements. 

The blade elements are assumed to be along surfaces of revolution gener- 
ated by rotating a streamline about the compressor axisj this stream sur- 
face of revolution may be approximated by an equivalent cone (fig. l). 

Each element along the height of the blade is designed to direct the flow 
of air in a certain direction as required by the design velocity diagram 
of the blade row. The basic parameters defining the flow about a blade 
element are indicated in figure 2. Stated simply, blade-element flow is 
described by the variations of the loss in total pressure across the blade 
row and of the air turning angle with the incidence angle (or angle of 
attack) , 


Factors Affecting Blade-Element Performance 

The flow about a given blade element in a compressor configuration 
is different from that in a two-dimensional cascade because of three- 
dimensional effects in compressor blade rows. These three-dimensional 
effects influence the magnitude of the design incidence angle, the loss 
in toteil pressure, and the deviation angle. 

Incidence angle . - In the low-speed two-dimensional cascade, the 
minimum-loss incidence angle depends on the blade geometry (canber, so- 
lidity, and blade thickness), the inlet -air angle, and inlet Mach maiiber 
(ref. 4), In compressor operation, several additional factors can alter 
the mlnltaum-loss incidence angle for a given element geometry - for ex- 
ample, differences in testing procedure. In compressor operation, inci- 
dence angle, inlet -air angle, and inlet Mach number vary simultaneously! 
in contrast, cascades are often operated with fixed inlet-air angle and 
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inlet Mach number. Some net difference in the range characteristics and, 
therefore, the location of the point of minimum loss between cascade oper- 
ation at constant inlet-air angle and compressor test operation (with 
varying inlet-air angle) may he obtained. 

In addition to these blade-element considerations, of course, there 
are soiirces of difference arising from compressor three-dimensional ef- 
fects. For example, a change of minimum-loss incidence angle has been 
observed in the compressor rotor as radial position is varied (refs. 12 
and 13), but cascade and con^jressor blade-element minimum-loss incidence 
angles have not been compared over a wide range of blade loadings and in- 
let Mach nxuflbers. 

Total -pressure loss . - In the two-dimensional cascade, the magnitude 
of the loss in total pressure across the blade element is determined from 
the growth of the blade-surface boundary layers (profile loss). In the 
actual compressor, the loss in total pressure is determined not only by 
the profile loss, but also by the losses induced by the three-dimensional 
nature of the flow. These three-dimensional losses result from secondary 
motions and distTirbances generated by the casing wall boundary layers, 
from blade tip clearance, from radial gradients of total energy, and from 
interactions of adjacent blade rows. The compressor loss picture is fur- 
ther con 5 >licated by the tendency of boundary-layer fluid on the compres- 
sor blade surfaces and in the blade waJie to be displaced radially. As a 
consequence of this phenomenon, the loss measured downstream of a given 
blade element may not necessarily reflect the actual loss generated at 
that element, but something more or less, depending on the radial loca- 
tion of the element. 

It is expected, therefore, that the factors influencing the magni- 
tude of the blade-element loss in the compressor will include the factors 
affecting the profile loss (blade-surface velocity distribution, inlet 
Mach number, blade-chord Reynolds number, free-stream turbulence, and 
blade surface finish) and the factors affecting the three-dimensional 
losses. Investigations of compressor blade-element losses based on sur- 
face velocity .distribution, as expressed in terms of diffusion factors, 
are presented in references 14 and 15. The essentially secondary effects 
of blade surface finish and trailing-edge thickness on compressor loss 
are investigated in references 16 and 17. Results of tests of blade- 
element performance (ref. 18) and over-all performance (refs. 19 to 21) 
at varying Reynolds numbers indicate that there is no significant varia- 
tion in loss for Reynolds numbers above approximately 2.5x10^. (Since 
most of the compressor data used in this analysis are for Reynolds num- 
bers greater than 2.5x10^, no Reynolds number effects are believed to 
exist for the data. ) The variations of compressor loss with inlet Mach 
number have been established in references 12, 22, and 23. These results, 
however, are not complete indications of Mach number effects (shock 
losses), since the corresponding variations of blade diffusion with. Mach 
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number are not identified. An attempt to separate the variation of dif- 
fusion and shock losses with Mach number by means of an analysis based on 
the diffusion factor of reference 14 is presented in references 13 and 24, 

Although some sispects of the compressor three-dimensional flow phe- 
nomena are known (refs. 25 and 26), the specific factors or parameters 
affecting compressor three-dimensional losses have not been established 
for analysis purposes. At present, the three-dimensional loss can. be 
treated only on a gross basis as a difference between the total measured 
loss and the predicted profile loss. 

Deviation angle . - In the two-dimensional cascade the minimum-loss 
deviation angle varies primarily with the blade geometry and the inlet- 
air angle. Experience with compressor operation indicates that blade- 
element minimum-loss deviation angle is also sensitive to three- 
dimensional effects. The two principal compressor effects are secondary 
flows and changes in axial velocity across the blade elment. Secondary 
flows are treated in references 26 and 27 • Corrections are established 
in reference 27 fgr the effect of secondary flows on the outlet angles 
of compressor inlet guide vanes. At present, however, rotor and stator 
secondary-flow effects can be treated only on a gross basis. 

The effects of changes in axial -velocity ratio on the turning angles 
of a fixed blade-element geometry are conclusively demonstrated in the 
rotor investigations of reference 7. There are several origins of vary- 
ing axial- velocity ratio across a compressor blade element: (l) contrac- 

tion of the annulus area across the blade row, (2) compressibility, which 
varies axial-velocity ratio for a fixed annulus area, and (3) differences 
in the radial gradient of axial velocity at blade-row inlet and outlet, 
which can arise from the effects of radial -pres sure equilibrium (ref. l). 
Although several attempts have heen made to establish corrections for the 
effect of change in axial -velocity ratio on deviation angle (refs. 7 anfl 
28), these proposed correction techniques have not been universally suc- 
cessful. The principal difficulty involved in the axial- velocity correc- 
tions is the inability to determine the corresponding changes in blade 
circulation (i.e,, tangential velocity). Values of axial- velocity ratio 
were identified for the deviation angle data presented, although no at- 
tempt was made to apply any corrections. 

Some of the secondary factors influencing deviation angle, such as 
inlet Mach number and Reynolds number, are Investigated in references 7, 
12, and 22. These results Indicate that the variations of deviation 
angle with Mach number and Reynolds number (as in the two-dimensional 
cascade) are small. 
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Correlation Approach 


In this report, annular-cascade data are coiBpared with the two- 
dimensional-cascade correlations of minimum loss-incidence angle, total- 
presstire loss, and deviation angle (ref. 4). In this way, compressor 
investigations serve as hoth a verification and an extension of the two- 
dimensional-cascade data. Two-dimensional -cascade data correlations and 
rules, in conjunction with correction factors deduced from the three- 
dimensional data, can then he used for compressor design and analysis. 

With this approach in mind, all available single-stage data were 
collected, computed, and plotted in a form considered convenient for cor- 
relation. The hlade and performance parameters used in the analysis are 
similar to those used in the two-dimensional-cascade correlations of ref- 
erence 4. Camber angle, incidence angle, and deviation angle (fig. 2) 
are used to define the hlade camber, air approach, and air leaving direc- 
tions, respectively. These angles are based on tangents to hlade mean 
camber line at the leading and trailing edges. As in reference 4, the 
NACA 65 (A]^q) - series blades are considered in terms of the equivalent 

circular -arc camber line (figs. 3 and 4). 

Loss in total pressure across the hlade element is e 2 q)ressed in terms 
of the loss parameter o> cos p^/2cr, where the relative total-pressure loss 

coefficient cd is defined as the mass-averaged defect in relative total 
pressure divided by the pressure equivalent of the inlet velocity head: 


CD = 


^2, id 


Pi - 



( 1 ) 


(All synibols are defined in appendix A. ) For stationary hlade rows, or 
no change in streamline radius across the rotor, the numerator of equa- 
tion (l) becomes the. decrease in relative total pressure across the hlade 
row from inlet to outlet. The relative total -pressure-loss coefficient 
was conqnited from stationary measurements of total pressure and total tem- 
perature and from the computed relative inlet Mach nuniber according to 
reference 14. The total -pressure-loss parameter, as indicated in refer- 
ence 4, approximates the Individual hlade-waAe momentum-thickness ratio 
0/c and as such represents a significant parameter for correlating hlade 
losses . 
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The diffusion factor^ which is used as a hlade-loading parameter, is 
defined in reference 14 as follows;'^ 


D = 



2c3V^ 


( 2 ) 


A typical example of the plotted performance parameters for a rotor 
hlade row is shown in figure 5. The data represent the variations of the 
flow at fixed rotational speed. Plots for stator hlade rows show similar 
trends of variation. As in reference 4, a reference point was established 
as the incidence angle for minimum loss (fig. 6(a)), and the hlade -element 
flow was analyzed at this reference point. In cases where minimum-loss 
incidence was not clearly defined, the reference point was taken as the 
mean incidence of the incidence-angle range for which values of cd at the 
end points are twice the minimum value (fig. 6(h)). 

One of the primary objectives of this analysis is to determine dif- 
ferences in blade-element performance with compressor radial position. 
Therefore, three radial positions along the hlade span (near the huh, 
mean radius, and tip) of each hlade row are considered. The radial posi- 
tions at the huh a nd tip are approximately 10 to 15 percent of the pas- 
sage height away from the inner and outer walls, respectively, which are 
outside the wall houndary-layer region in all cases. The analysis is 
directed toward correlating the loss and deviation-angle data at refer- 
ence incidence angle and determining the variation of reference incidence 
angle with hlade geometry and Mach number at the three radial positions. 


*In a communication to the authors. Dr. Leroy Smith, Jr. of the 
General Electric Company has suggested that in the presence of a change 
in radius across a hlade element, the diffusion factor for the rotor he 
given by 


% = 



A(rV0) 

20 r V-! 
av av 1 


where rg^^ is the average radius between inlet and outlet, is the 
corresponding average solidity, and Vg is the absolute tangential ve- 
locity. Other terms are as before. For the stator. 


_/ Y2\ A(rV9) 

”S - - Vi^ + 20avY.rVl 

Spot checks of huh -position velocity diagrams, where the change in radius 
is the greatest for the rotors considered, showed small differences be- 
tween the values of D computed from equation (2) and from these modi- 
fied relations. 
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Experimental Data Sources 

There are three sources of three-dimensional-cascade "blade-element 
data: stationary annular-cascade tunnel investigations, multistage- 

compressor investigations, and single-stage or single-hlade-row compressor 
investigations. A relatively small amount of data has been accumulated 
from blade-row investigations conducted in stationary annular-cascade tun- 
nels. Tunnels of this type have been used primarily for inlet -guide -vane 
investigations. Typical examples of annular -cascade tunnel investigations 
are reported in references 18 and 29. Numerous multistage compressor in- 
vestigations have been conducted both in this country and abroad. Unfor- 
tunately, the data obtained from these investigations are too limited to 
permit the construction of individual blade -row-element performance curves 
similar to those illustrated in figure 5. 

The data used in this investigation were obtained primarily from in- 
vestigations of single rotor rows or of single-stage compressors. A typ- 
ical single-stage compressor test installation is shown in figure 7. This 
particular compressor consists of a row of inlet giiide vanes, a rotor 
blMe row driven by a variable-speed motor, and a stator blade row. A 
discharge throttle is installed in the outlet system to vary the compres- 
sor back pressure. In this manner, the compressor mass-flow rate can be 
controlled. In an installation such as this, compressor performance over 
a range of speeds and mass flows can be obtained simply. In many cases, 
test rigs similar to figure 7 have been operated with only guide vanes 
and rotors or with rotors alone. 

Many phases of compressor research have been conducted in single- 
stage compressor test rigs^ and, in reporting these phases, con^jlete 
blade-element results are not usually presented. Therefore, it was nec- 
essary to collect available original data and rework them in terms of the 
parameters of the analysis. Since only MCA original data were available 
in blade-element form, the data analysis is based mainly on single-stage 
compressor investigations conducted at the Lewis laboratory. The measure- 
ments taken and the instrumentation used vary somewhat from compressor to 
compressori in most cases, however, it is possible from the available data 
to reconstruct complete experimental velocity diagrams and to determine 
the blade-element performance. Radial and circumferential survey measure- 
ments were made after each blade row. Normally, total pressure, static 
pressure, total temperature, and air direction were measured. The 
pressure- and temperature -measuring devices were calibrated for the effect 
of Mach number. 

Most of the compressor investigations that were adaptable to this 
analysis were conducted on MCA 65 -series airfoil shapes and double- 
circular-arc airfoils. Therefore, the analysis is concerned solely with 
these airfoils. The 65 -series airfoil has been used extensively in sub- 
sonic compressors! and the double-circular-arc airfoil, which is a rela- 
tively slng)le airfoil shape, has been used effectively in transonic com- 
pressors. Details of the characteristics of the various blade rows used 
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in this analysis are summarized in talle I, and details of the instmmen 
tation, calculation procedure^ and accuracy of measurement are given in 
the listed references. 


jMcnmcK-maiM amlysis 

Method of Correlation 

In correlating hlade-element reference incidence-angle data, meas- 
ured values of incidence angle are compared with values of reference inci- 
dence angle predicted for the geometry of the hlade element according to 
the low-speed two-dimensional-cascade correlations of reference 4. In 
reference 4, the low-speed two-dimensional reference incidence angle is 
expressed in terms of the hlade geometry as 

^2-D (^) 

where is a function of hlade thickness distrihution and TBnxiTmnn 

thickness ratio, (io^lO zero-camher incidence angle for the 10- 

percent- thick airfoil section (function of air inlet angle and 

solidity a), and n is equal to [(i - io)/*^^ 2 -D (silso a function of 
and a). Values of K^, (^ 0 ) 2 ^ 0 # n for the circular-arc and 

65-series hlade are repeated in figures 8 to 10 for convenience. 

The con^jarisons between measured hlade-element reference Incidence 
angle Iq and predicted two-dimensional Incidence angle i 2 _D ^re ex- 
pressed in terms of the difference (i 0 - ig-p) • Thus, a value of zero 

of the difference parameter corresponds to an equivalence of the two in- 
cidence angles. In view of the estahlished tendency of the reference 
incidence angle to increase somewhat with inlet Mach number (ref. 4), it 
was thought desirable to plot the variation of the difference parameter 
(i 0 - i 2 _p) against relative inlet Mach number for the three radial posi- 
tions at huh, mean, and tip. 

MCA 65 (A 20 ) -series blades. - The results of the comparison between 

compressor and two-dimensional-cascade reference incidence angle for the 
MCA 65 (A 10 ) -series blades are presented in figure 11 for hub-, mean-, 
and tip-radius regions. Both rotor and stator data are presented| the 
stator data being represented by the solid points. Different values of 
incidence angle for a given symbol represent different compressor tip 
speeds. As might be expected in a correlation of this type involving 
data from different test installations and instrumentations, the data 
are somewhat scattered, particularly in the hub and tip regions. It has 


COIFIEEMTIAL 



10 


COHFXnEUTIAl 


BACA RM E55G02 


not teen possible in these instances to evaluate the significance or ori- 
gin of the scatter. (In compressor investigations^ instrumentation in- 
accuracy generally contributes heavily to the data scatter, especially at 
hub and tip.) Hevertheless, the results of the comparison are indicative 
of the trends involved, and it is possible to make some general 
observations . 

For the rotor mean-radiiis region, where three-dimensional disturb- 
ances are most likely a minimum, the rotor minimum-loss incidence angles 
are, on the average, about 1° smaller than the corresponding cascade - 
predicted values. This difference may be a reflection of some of the 
compressor influences discussed previously. The data also indicate that 
no essential variation of reference incidence angle with relative inlet 
Mach number exists up to values of of about 0.8. The 65-series 

blade, having a thick nose profile, apparently exhibits the same approx- 
imate constancy of minimum-loss incidence angle with Mach number as in- 
dicated for the British thick-nose C4-series profile in the cascade com- 
parisons of reference 4. 

At the rotor tip, the compressor reference incidence angles axe from 
0° to 4° less than the predicted cascade values. As in the case of the 
rotor mean radius, no essential variation with inlet Mach number is ob- 
served in the range of data covered. The lower values of rotor reference 
incidence angle were generally the result of a change in the form of the 
variations of loss incidence angle in the rotor, as illustrated in figure 
12. The change in form may be explained on the basis of a probable in- 
crease in rotor tip three-dimensional losses (centrifuging of blade 
boundary layer, tip-clearance disturbances, etc.) with increasing inci- 
dence angle. 

At the rotor hub, the situation is somewhat confused by the wide 
range of data. A tendency of the coBipressor Incidence angles to be some- 
what larger than the corresponding cascade values with an average value 
of about 1° or 2° is indicated. 

For the stator mean radius and hub regions, close agreement between 
compressor and cascade incidence angles is indicated for the range of 
Mach numbers covered (to about 0 .7 ) . Considerable scatter exists in the 
stator data at the con^jressor tipj therefore, no definite conclusions can 
be made concerning the variations of Incidence angle. 

Double-circular-arc blade . - The results of the double-circular -arc 
airfoil correlation are presented in figure 13, where compressor refer- 
ence incidence angle minus low-speed cascade-rule incidence angle (eq. 

(3)) is plotted against relative inlet Mach number for the hub, mean, and 
tip radial positions for both rotors and stators. The dashed curve rep- 
resents the variation obtained with a 25°-camber double-circular-arc blade 
in high-speed two-dimensional cascade (ref. 4). 
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It is immediately apparent that rotor reference incidence angle at 
all radial positions increases vith increasing Mach number « The data 
indicate that the magnitude of the increase in reference incidence angle 
with Mach number is larger at the hub than at the tip* The hub data 
points in figure 13 were obtained from blade elements of relatively high 
camber. Both potential-flow and low-speed cascade results indicate that 
this type of configuration is associated with a negative value of refer- 
ence incidence angle. As inlet Mach nuniber is increased^ the rate of 
change of incidence angle in the positive direction must be fairly large 
in order to avoid high losses associated with blade-row choking^ explained 
in detail in reference 4, In contrasty at the compressor tip^ since the 
blade cambers are generally lower (see table l)^ the low-speed incidence 
angle is higher and the required rate of change of incidence angle with 
increasing Mach number is not as large. Unfortunately^ low Mach number 
data were not available to permit extrapolation of the rotor incidence- 
angle variations to zero Mach number (level of cascade correlation). 
However^ it is believed that there will be very little change in the rotor 
incidence angle for values of Mach nxuriber below about 0«4 to 0.5« Extra- 
polated values of rotor reference incidence angle at zero Mach number ap- 
pear to be of the order of 0.5° at the hub^ 1.5° at the mean radius^ and 
2.5° at the tip below cascade-rule values. 

The double -circular -arc blade element in the compressor rotor exhib- 
its the same general incidence-angle characteristic with Mach number that 
was observed for sharp-nosed blade sections in the high-speed two- 
dimensional cascade (ref. 4). As indicated in reference 4^ the increase 
in reference incidence angle with Mach number is associated with the tend- 
ency of the range of the blade to be reduced only on the low-incidence 
side of the loss curve as Mach number is increased. 

The rotor data for the double-clrcular-arc section^ like those for 
the 65-series bladeSj, are comparable to the cascade variations at the 
mean radius^^ somewhat higher at the hub at the higher Mach numbers^ and 
noticably lower at the tip. Apparently^ the same type of three- 
dimensional phenomenon occurs at the tip for both blade shapes. 

The available double-circular-arc stator data are too meager for 
any conclusions , 


Summary Remarks 

The variation of reference incidence angle for 65-series and double- 
circular-arc blade sections has been presented. Uo Mach number effect on 
reference incidence angle was observed for the 65-series blades for the 
range of Mach numbers considered. In contrastj, the double-circular-arc 
blade sections exhibit a pronounced variation of reference incidence 
angle over the range of Mach number investigated. Significant differences 
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laetween "the low-speed-csiBcade data and the rotor data were ohserved at 
the con^presBor tip. In contrasty at the mean radius and huh, the differ' 
ences in two-dimensional-cascade data and rotor data were relatively 
smeill, even though the flow field was three-dimensional. 

Additional data are required to determine the variation of stator 
reference incidence angle, particularly for the douhle-circular-arc air- 
foil sections. Also, no information has heen presented concerning the 
allowable incidence-angle range for efficient (low -loss) operation and 
the variation of this range with inlet Mach number. Investigations of 
these phases of compressor research are very essential to fill gaps in 
the compressor design and analysis procedures and warrant attention in 
future research programs. 


TOTAL-ERESSURE-LOSS ARALYSIS 
Correlation of Data 

For two-dimensional -cascade data obtained at low Mach numbers, the 
values of total -pressure-loss parameter co cos ^^20 plotted against 

diffusion factor (eq. (2)) form essentially a single curve for all cas- 
cade configurations. The diffusion-factor correlation of loss parameter 
was applied to data obtained over a range of Mach numbers from single- 
stage axial -flow compressors of various geometries and design Mach num- 
bers. Values of total -pressure-loss parameter calculated from single- 
stage compressor data are plotted against diffusion factor for the hub, 
mean, and tip measuring stations in figure 14. Each symbol represents 
the value of diffusion factor and loss parameter at reference incidence 
angle at a given tip speed. Also plotted as a dashed curve is the cor- 
responding correlation presented in reference 4 for the low-speed two- 
dimensional-cascade data. The data of figure 14, which were obtained 
from the rotor and stator configurations summarized in table I, represent 
both 65-series and circular-arc blade sections. The plots of figure 14 
essentially represent an elaboration of the loss-diffusion correlations 
of reference 14. 

The most important Impression obtained from the rotor data plots is 
the wide scatter and increasing loss trend with diffusion factor at the . 
rotor tip, while no discernible trend of variation is obtained at the 
rotor hub and mean radii. For the rotor hub and mean radii, it can be 
assumed that the rotor blade-element loss parameter follows the cascade 
variation but at a higher average magnitude. Unfortunately, the range 
of diffusion factor covered in the compressor tests was not sufficient 
to determine whether a marked rise in loss is obtained for values of dif- 
fusion factor greater than about 0.6 (as in the cascade). 
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It is apparent from the loss trend and data scatter at the rotor 
tip that a different loss phenomenon is occurring in the tip region* It 
is recognised that a part of the scatter is due to the general instrumen- 
tation inaccuracy in the highly turbulent tip regions* In view of the 
usually large radial gradients of loss existing in the blade tip region^ 
small variations in positioning radial survey probes can cause noticeable 
differences in the computed results* Nevertheless^ it is obvious that 
factors other than the blade-element diffusion are influencing the tip 
loss* The specific three-dimensional factors or origins involved in the 
low rise at the tip are not currently known* The principal conclusion 
reached from the plot is that the likelihood of a rising loss trend on 
the rotor tip exists for values of diffusion factor greater than about 
0.35* 


The stator losses at all radial positions in figure 14 appear to be 
somewhat higher than those of the two-dimensional cascade^ particularly 
at the higher values of diffusion factor 


Summary Remarks 

Rotor and stator blade-element loss data were correlated by means 
of the diffusion factor* The losses for stator and rotor blade elements 
at hub and mean radii were somewhat higher than those for the two- 
dimensional cascade over the range of diffusion factor investigated. At 
the rotor tip^ the losses were considerably higher at values of diffusion 
factor above approximately 0.35. 

The foregoing blade-element loss analysis is clearly incomplete. 

The need for additional work is indicated for such purposes as evaluating 
the origin and magnitude of the tip-region losses. The loading limits 
for rotors at other than the tip region and for stators at all blade ele- 
ments have not been determined^ because^ for the available data^ the dif- 
fusion factors at reference incidence do not extend to sufficiently high 
values. Single-stage investigations are needed over the critical range of 
Reynolds number to determine the effect of Reynolds number on the blade- 
element loss* It is desirable to isolate the effects of velocity diffu- 
sion and shock waves on the loss at high Mach number operation. The loss 
correlations presented should also be extended so that the data are ap- 
plicable over a range of incidence angle* This would be of extreme value 
in the compressor analysis problem. 


DEVIATION-ANGLE ANALYSIS 

In addition to design information concerning blade-element losses 
and incidence angle^, it is^ of course^^ desirable to have a rather com- 
plete picture of the air deviation-angle characteristics of axial-flow- 
compressor blade elements. Therefore^ the two-dimensional-cascade cor- 
relation results are reviewed and supplemented with annular-cascade data 
in this section. 
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Method of Correlation 

As in the analysis of reference incidence angle, the correlation of 
blade-element deviation angle at reference incidence is presented in terms 
of a comparison between measured blade-element deviation angle and devia- 
tion angle predicted for the element according to the low-speed two- 
dimensional cascade correlations of reference 4. In reference 4, the low- 
speed two-dimensional deviation angle at reference incidence angle is 
expressed in terms of blade geometry as 




( 4 ) 


where Kg is a function of maximum thickness -chord ratio and thickness 
distribution, (&o^lO "* 4 ^® zero-camber deviation angle for the 10- 
percent-thick airfoil section (function of 3^ and a) , m is a func- 
tion of for the different basic camber distributions , and b is an 

exponent that is also a function of 


As was shown previously, the reference Incidence angle of the com- 
pressor blade element may differ somewhat from the corresponding two- 
dimensional reference incidence angle. Inasmuch as deviation angle will 
vajry with changing reference incidence angle for a given blade geometry 
(depending on solidity), the two-dimensional deviation angles were cor- 
rected to the reference incidence angles of the compressor blade elements. 
The corrected deviation angle, as suggested in reference 4, is given by 

^2-D = ^ " i2-D)(S”)2„D 

where (d 6 °/di) 2 _j) is the slope of the two-dimensional variation of de- 
viation angle with incidence angle at reference incidence. Values of 
Kg, ( 80 ) 10 ^ (^°/di) 2 _D for circular-arc and 65(A2 ^q)- 

series blade are repeated in figures 15 to 19 for convenience. 

Deviation-angle comparisons for the double-circular-arc blade were 
also made on the banis of Carter's rule for cascade blades (ref. 30); 




"2-D - 


(p 


( 6 ) 


where mg is a coefficient that is a function of blade-chord angle 
(fig. 20). 
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Carter* s rule^ which has heen used extensively in the design of 
circular-arc blades^ was used as the hasis for the more elaborate rule of 
equation (4)* In the calculations^ Carter's rule was applied directly to 
the compressor reference incidence angles. 

The comparisons between measured blade-element reference deviation 
angle 5 q and predicted two-dimensional deviation angle 

pressed in terms of the difference parameter (6 q - against relative 

inlet Mach number for the three radial positions at hub^ tip^ and mean 
radius , 

MCA 65 (A^^q) - series blades* - Curves of compressor deviation angle 

minus cascade-rule deviation angle (eq« (5)) for the 65-series airfoil 
for both rotors and stators are plotted against relative inlet Mach num- 
ber for the hub^ mean^ and tip radial positions in figure 21(a)* All 
values of deviation angle correspond to those at compressor reference in- 
cidence angle. As in the case of the incidence -angle and loss correla- 
tions^ there is considerable scatter of data^ particularly in the hub and 
tip regions. Some of the scatter is believed due to the effects of three- 
dimensional flows and changes in axial-velocity ratio across the element^ 
but perhaps the most important factors are instrumentation differences and 
errors. It is generally recognized that it is difficult to measure com- 
pressor air angles with an accuracy less than about ±iP to 1.5^* The cor- 
relations must therefore be evaluated on an average or trend basis. 

The correlation of rotor data in the mean-radius region is fairly 
goodj axial-velocity ratio varied between about 0.9 to 1.10, On the av- 
erage^ the rotor mean-radius deviation angles are about 0,5^ less than the 
cascade values. These results agree with previous experience (refs, 7 
and 8)^ which indicated rotor turning angles approximately 1^ greater 
(i*e,_j deviation angles 1^ less) than the two -dimensional -cascade results. 
If data points for the rotor tip having axial-velocity ratios less than 
0,8 are neglected^ the average deviation angle is about 0,5^ less than 
the cascade value. Axial- velocity ratio for the tip-region unflagged data 
varied between 0,8 and 1.05, For the hub^ on the average the blade - 
element deviation angles were about 1.0^ greater than the corresponding 
two-dimensional values. Hub axial-velocity ratios varied between 1.0 and 
1,2, As in the two-dimensional cascade (ref, 4)^ no Mach number effect 
on deviation angle is indicated over the range of Mach number investigated 
for all three regions. 

For the stator mean-radius (V^^g/^z^l ~ hub -radius 

("^z_,2/^z^l ” 0.85 to 1.05) regions^ the average deviation angles are both 

about 1.0^ lower than the corresponding two-dimensional values. At the 
stator tip^ the average blade-element value is indicated to be about 4^ 
less than the two-dimensional value. However^ these data all have high 
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axial- velocity ratios (from 1.1 to 1.5). It is expected that, on the 
basis of constant axial velocity, the probable average blade-element de- 
viation angles at the stator tip might be several degrees closer to the 
two-dimensional values, (increasing axial- velocity ratio at essentially 
constant circulation for the stator tends to decrease deviation angle.) 

As in the case of the rotor, no essential variation of deviation angle 
with Mach number is detected for the stator within the range of Mach num- 
bers investigated. 

Double-circular-arc blade . Blade-element and two-dlmensional- 
cascade deviation angles (eq^. (5)) obtained for the double-circular-arc 
blade are compared in figure 21(b). The scatter of data is generally 
less than for the 65 (Aj^q)- series blades, partly because of the generally 

more accurate measurements taken in these investigations (all are more 
recent than the data of fig. 21(a)). 

On the average, at the lower Mach numbers the blade-element deviation 
angles were about 1.5° less than the two-dimensional values at the tip> 

1.0° greater at the hub, and equal to the two-dimensional values at the 
mean region. Ranges of axial-velocity ratio covered for the data were 
0.85 to 1.05 at the tip, 0.95 to 1.5 at the hub, and 0.90 to 1.15 at the 
mean radius. A slight increasing trend of variation with inlet Mach num- 
ber may be indicated at the mean radius and possibly also at the hub . 

The double-circular-arc stator data available (solid symbols) are too 
limited to permit any reliable conclusions to be drawn. It appears, how- 
ever, that at the stator mean radius, the blade-element deviation angles 
may be about 0.5° less than the two-dimensional-cascade values. This is 
essentially the same trend observed for the 65 (A^^q) - series stators at mean 

radius in figure 21(a). Blade-element deviation angles appear to be 
greater at the tip and smaller at the hub than the two-dimensional values. 
Ranges of axial-velocity ratio were 1.0 to 1.25 at the tip, 0.95 to 1.27 
at the mean radius, and 0.9 to 1.30 at the hub. 

Blade-element deviation angles and two-dimensional values predicted 
by Carter’s rule (eq. (6)) are compared in figure 22. Inasmuch as Carter’s 
rule results in values of two-dimensional deviation angle between 0.5° to 
1.0° smaller than obtained from the modified rule of equation (5) for the 
range of blade-element geometries included in the data, the agreement with 
the blade-element data remains quite good. 


Summary Remarks 

From the comparisons of measured and predicted reference deviation 
angles for the WACA 65 (A^q) - series and double-circular-arc blades, it 

was found that the rules derived from two-dimensional-cascade data can 
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satisfactorily predict the compressor reference “blade-element deviation 
angle in the rotor and stator mean-radius regions for the hlade configu- 
rations presented • Larger differences “between rule and measured values 
were observed in the huh and tip regions. These differences can he at- 
tributed to the effects of three-dimensional flow^ differences in axial- 
velocity ratio^ and measurement inaccuracy. As in the cascade^ essen- 
tially constant deviation angle with Mach number was indicated for the 
Mach number range covered. Additional stator blade-element dataj, partic- 
ularly for the double-circular-arc blade^ are required to establish the 
stator correlations more firmly. 


APPLICATIOIT TO DESIGE 
Design Procedure 

The foregoing correlations provide a means of establishing the ref- 
erence incidence angle and estimating the corresponding deviation angle 
and total-pressure loss for rotor and stator blade elements of compressor 
designs similar to those covered in the analysis. This is accomplished 
by establishing deduced curves of compressor blade-element Incidence - 
angle and deviation-angle corrections for the low-speed two-dimensional- 
cascade lules of reference 4, Reference incidence and deviation angles 
for the compressor blade element are then given by 

= ^2-D “ ^2-d) 

and 

6g = + (6° - (8) 

where ig-p ^2-D given by equations (3) and by (5) or (6)^ 

respectively. Curves of incidence -angle and deviation-angle corrections 
deduced from the rotor blade -element data of figures 11^ 15 ^ 21^ and 22 
are shown as functions of relative inlet Mach number for several radial 
positions along the blade height in figures 23 and 24. The curves in 
figures 23 and 24 are faired average values of the data spread and^ 
strictly speaking^ represent bands of values. In view of the very lim- 
ited data available^ compressor correction curves could not reliably be 
established for the stator deviation and incidence angles. 

The establishing of single deduced blade-element loss curves at ref- 
erence incidence angle is a difficult task because of the scatter of the 
experimental data^ especially in the rotor tip region. Nevertheless^ for 
completeness in order to illustrate the prediction procedures^ curves of 
average total-pressure-loss parameter as a function of diffusion parameter 
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olDtained from the data of figure 14 are shown in figure 25 for rotor and 
stator. The shaded portion in the figure indicates the possible hand of 
values obtainable at the rotor tip. 

The procedure involved in determining blade -element camber angle 
and efficiency at reference incidence angle for a compressor design based 
on the blade-row velocity diagram and the foregoing correlation curves is 
now indicated. The desired blade-element turning angle 

relative inlet Mach number Mj^ are obtained from the design velocity 

diagram. Camber and turning angles are related by the equation 

<p = + 5° - i (9) 

Compressor blade-element incidence (eqs. (3) and (?)) and deviation (eqs. 
(5) and (8)) angles are given by 

ic = Ki(io)lO + + (ic “ ^2 -d) (10) 


^C - ®^5(^o)lO + -^ <P + (ig ■ ^2-D)(t^)2 p ^ ^^0 ■ ^2 -d) (H) 


Substitution of equations (lO) and (ll) into equation (9) and rearrange- 
ment of terms yield; 



( 12 ) 


All terms on the right side of equation (12) can be determined from 
the velocity-diagram properties^ the specified blade shape and thickness, 
and the specified solidity. After the camber angle is determined, the 
Incidence and deviation angles can be calculated from equations (lO) and 
(ll) . Botor blade-element loss parameter is estimated from the velocity- 
diagram diffusion factor and the curves of figure 14. The total -pressTire- 
loss coefficient oi is then readily obtained from the blade-element so- 
lidity and relative air outlet angle. Blade-element efficiencies for the 
rotor and complete stage can be computed by means of the techniques and 
equations presented in appendix B. If change in radius across the blade 
row can be assumed small, blade-element efficiency can be deteimined 
through the use of figures 26 to 28 from the selected values of co and 
the values of Mj^ and absolute total -pressure ratio or total -temperature 

ratio obtained from the velocity diagram. 
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The foregoing procedure can hest he illustrated by a numerical ex- 
ample. Suppose the following specified rotor design values represent 
typical values at 10 percent of the passage height from the compressor 
tip; 


= 56.9° 

= 10.9° 


= 1.1 
D = 0.35 


i obtained from velocity-diagram 
r calculations (ref. l) 



1.091 


J 


a = 1.0 
t/c = 0.06 


assumed values 


The problem is to find the camber^ incidence, and deviation angles 
and the total -pressure-loss coefficient for a double-circular-arc airfoil 
section that will establish the velocity-diagram values. 


(l) From the value of and figures 23(b) and 24(b), 


- 1 


2-D 


= 4 . 0 ^^ 


SB 


S2-D 


= - l.b*- 


(2) From the values of cr, and t/c and figures 8 to 10 and 

15 to 19, 

Ki = 0.62 (io)lO = ^ = “Q'22 Kg = 0.37 


(&o)lo = 1-6° m = 0.305 b = 0.714 

(3) When the values of steps (l) and (2) are substituted in equation 
(12), the value of blade camber (p = 7.7°. 

(4) From equations (lO) and (ll)/ 1 q = 5,0 and 5 q = 1.8. 
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(5) For calculation of the total -pressure-loss coefficient, the dif- 
fusion factor (0_^35) and figure 25(a) yield a value of (0.025) for the 
loss parameter (co cos p^)/2a, and 


= Pj: - (P| - p^) = 56.9 - 10.9 = 46.0° 
cos = 0.6947 


Therefore, 


CD 



20 

cos P^ 


0.025x2 

0.6947 


0.072 


(6) For a negligible change in radius 
following values can he found from figures 


across the blade element, 
26 and 27 : 


the 


P' 

~ = 0.962 Tlad = 0-87 
1 



1.31 


The preceding example has been carried out for a typical transonic 
rotor blade section. A similar procedure can be used for stator- blade 
sections when adequate blade-element data become available. 


Summary Remarks 

The foregoing procedures and data apply only to the reference point 
(i.e., the point of minimum loss) on the general loss-against-incidence- 
angle variation for a given blade element. The reference minimum-loss 
incidence angle, which was established primarily for purposes of analysis, 
is not necessarily to be considered as a recommended design point for com- 
pressor application. The selection of the best incidence angle for a par- 
ticular blade element in a multistage compressor design is a function of 
many considerations, such as the location of the blade row, the design 
Mach number, and the type and application of the design. However, at 
transonic inlet Mach number levels, the point of minimum loss may very 
well constitute a desired design setting. 

At any rate, the establishment of flow angles and blade geometry at 
the reference incidence angle can serve as an anchor point for the deter- 
mination of conditions at other incidence-angle settings. For deviation- 
angle and loss variations over the complete range of incidence angles, 
reference can be made to available cascade data. Such low-speed cascade 
data exist for the MCA 65 (A-|_q) -series blades (ref. 31). 
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It is recognized that many qualifications and limitations exist in 
the use of the foregoing design procedure and correlation data. For hest 
results, the application of the deduced variations should he restricted 
to the range of blade geometries (camber, solidity, etc.) and flow condi- 
tions (inlet Mach number, Reynolds number, axial-velocity ratio, etc.) 
considered in the analysis. In some cases for compressor designs with 
very low turning angle, the calculated camber angle may be negative. For 
these cases it is recommended that a zero-camber blade section be chosen 
and the incidence angle selected to satisfy the turning-angle require- 
ments, The data used in the analysis were obtained for the most part 
from typical experimental inlet stages with essentially uniform inlet 
flow. Nevertheless, such data have beep used successfully in the design 
of the latter stages of multistage compressors. It should also be remem- 
bered that the single curves appearing in the deduced variations repre- 
sent essentially average or representative values of the experimental 
data spread. Also, in some cases, particularly for the stator, the avail- 
able data are rather limited to establish reliable correlations. Consid- 
erable work must yet be done to place the design curves on a firmer and 
wider basis. The design procedures established and trends of variation 
determined from the data, however, should prove useful in compressor 
blade-element design. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, August 9, 1955 
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APEEKDIX A ' 

SYMBOLS 

The following syrnhols are used in this report: 

Aio 65-series mean-line designation 

stagnation velocity of sounds ft/ sec 

h exponent in deviation-angle relation (eq. (4)), function of 

inlet -air angle 

^L,o isolated-airfoil lift coefficient 

c "blade chord, in. 


D 


diffusion factor. 



(ref. 14) 


i incidence angle, angle "between tangent to "blade mean cam"ber line 

at leading edge and inlet -air direction, deg 

Kj[^,Kg coefficients, functions of "blade maximum thickness and thickness 
distribution 

M Mach number 

m coefficient, function of inlet -air angle 

m^ coefficient, function of "blade-chord angle 


n 

P 

P 

r 

s 


slope parameter. 



total pressure, Ib/sq ft 
static pressure, Ib/sq ft 
radius 

"blade spacing, in. 
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T total temperature 

t Hade maxinrum thickness^ in, 

V velocity^ ft/sec 

P air angle ^ deg 

Y* ratio of specific heats 

hlade-chord angle^ deg 

tP deviation angle^ angle hetveen tangent to mean camher line at 
blade trailing edge and air direction^ deg 

T) efficiency 

0 momentum thickness ; in* 

a solidity^ ratio of chord to spacing^, c/ s 

cp camber angle^ deg 

0 ) angular velocity;, radians/sec 

GD total -pressure-loss coefficient 

Subscripts: 

ad adiabatic 

av average 

C compressor 

GV inlet guide vanes 

h hub 

id ideal 

m mean 

min minimum 

R rotor 

ref reference 
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S stator 

ST stage 

t tip 

z axial direction 

0 tangential direction 

0 zero camber 

1 "before "blade row or stage 

2 after "blade row or stage 

2-D low-speed two-dimensional cascade 

10 "blade maximum thickness -chord ratio of 10 percent 

Superscript: 

* relative to rotor 
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APEEKDIX B 


EQUATIONS FOR BLADE-EIEMENT EiFICIENCY 

By definition, for a complete stage consisting of inlet guide vanes, 
rotor, and stator, the adiabatic temperature -rise efficiency of the flov 
along a stream surface is given hy 



From the developments of reference 32 (eq. (B8) in the reference), the 
absolute total -pressure ratio across a hlade row Pg/^l related 

to the relative total -pres sure ratio across the blade row s^ccord- 

ing to the relation 



where (^g/^l^id ideal (no loss) relative total -pressure ratio. 

The relative total pressure is also referred to as the blade-row recovery 
factor. For stationary blade rows, (l.e., inlet guide vanes and stators), 
(P^/P£)^^ is equal to 1.0. For rotors, the ideal relative total -pres sure 

ratio (eq. (B4) of ref. 14) is given by 


T 



in which Mqi is equal to the ratio of the outlet element wheel speed to 
the inlet relative stagnation velocity of sound (cuTg/a^ ^), and (r^/rg) 
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is the ratio of inlet to outlet radius of the streamline across the "blade 
element. (For a flow at constant radius (cylindrical flow), (^ 2 /^ 1 ^ id 

is equal to 1.0.) Thus, from equations (Bl) and (B2), 


r-1 



(B4) 


For the rotor alone, the hlade -element efficiency is given hy 



From equation (B3) of reference 14, the loss coefficient of the 
rotating "blade row ("based on inlet dynamic pressure) is given hy 



where is based on inlet compressible d 3 mamic pressure. For any blade 

element, then, from equation (B6), 
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The relations presented in equations (B4)^ (B5)^ and (B7) indicate 
that four quantities are required for the determination of the hlade- 
element efficiency across the rotor or stage* the rotor absolute total- 
temperature ratiO;^ the relative total -pressure-loss coefficient^ (based 
on inlet dynamic pressure)^ the relative inlet Mach number^ and the 
ideal relative total -pres sure ratio- Thus) the blade-element efficien- 
cies for a given stage velocity diagram can be calculated if the loss 
coefficients of the blade elements in the various blade rovs can be 
estimated. 

For simplicity in the efficiency-estimation procedure^ effects of 
changes in radius across the blade ro*w can be assumed small (i.e.^ 
ri = 1 * 2 ) > so that the ideal relative pressure ratio is equal to unity. 

Then^ equations (B4)^ (B5)^ and (B7) become^ respectively^ 



and 
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(BIO) 


For purposes of rapid calculation and preliminary estimates^ the 
efficiency relations are expressed in chart form in figures 26 to 28 « 

The relation among relative recovery factor^ hlade-element loss coeffi- 
cient^ and inlet Mach number (eq« (BIO)) is presented in figure 26» A 
chart for determining rotor hlade -element efficiency from relative recov- 
ery factor and absolute total -temperature ratio (eq« (B9)) is given in 
figure 27. Lines of constant rotor absolute total -pres sure ratio are 
also included in the figure. Figure 28 presents the ratio of stage effi- 
ciency to rotor efficiency for various stator or guide-vane recovery 
factors. The ratio of stage efficiency to rotor efficiency is obtained 
from equation (Bl) in terms of rotor absolute total -pres sure ratio as 


r-1 



The charts are used as follows^ For known or estimated values of 
rotor total -pressure-loss coefficient and relative inlet Mach number 

of the element the corresponding value of relative recovery factor 

P^/P^ is determined from figure 26* From the value of rotor-element 
absolute total -temperature ratio ^2/*^! (oT^'tained from calculations of 
the design velocity diagram) and the value of (P^/Pj^) obtained from fig- 
ure 26^ the rotor element efficiency is determined from figure 27. Rotor 
absolute total -pressure ratio can also be determined from the dashed 
lines in figure 27* 

If inlet guide vanes and stators are present^ the respective recov- 
ery factors of each blade row are first obtained from figure 26* The 
product of the two recovery factors is then calculated and used in con- 
junction with the rotor absolute total -pressure ratio in figure 28 to 
determine the ratio of stage efficiency to rotor efficiency* A simple 
multiplication then yields the magnitude of the stage efficiency along 
the element stream surface. 
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The charts can also he used to determine gross or mass-averaged 
efficiencies through the use of over-all loss terms. Furthermore, the 
charts can he used for the rapid determination of relative total -pressure- 
loss coefficient from known values of efficiency, pressure ratio, and in- 
let Mach niimher on an element or gross basis. 
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TABLE I 


DETAILS OF SINGLE-STAGE ROTORS AND STATORS 


Blade 

row 

Description 

Outer 

diameter, 

in-. 

Hub- 

tip 

ratio 

Rotor 
tip speed, 
ft/sec 

Inlet Mach 
numb er , 

Camber angle, 
cp, deg 

Chord, 
c, in. 

Solidity, 

a 

Blade chord 
angle, y, 
deg 

Blade maximum 
thickness 
chord ratio, 
t/c 

Refer- 

ences 





Hub 

Tip 

Hub 

Tip 

Hub 

Tip 

65-Series blade section 


Rotor 

14 

0.5 

552,828,994 

,0.30-0 

.75 

19.9 

15.3 

1.31 

1.31 

1.010 

0.590 

30.8 

56.4 

10 

10 

33 





1104,1214 














2 

Stator 

14 

.55 

552,1104 

.26- 

.73 

30.1 

30.1 

1.31 

1.31 

.996 

.620 

19.5 

45.9 

10 

10 

34 

3 

Rotor 

30 

.80 

504,672,840 

.36- 

.70 

30.1 

30.1 

2.90 

2.90 

1.08 

.906 

28.8 

45.9 

10 

10 

35 

4 

Rotor 

14 

.50 

1104,1214 

.60- 

.80 

30.1 

30.1 

1.31 

1.31 

1.010 

.590 

21.1 

56.0 

10 

10 

34 

5 

Rotor 

14 

.50 

557,743 

.39- 

.72 

30.1 

30.1 

1.31 

1.31 

.962 

.608 

15.2 

32.0 

10 

10 

34 

6 

Stator 

14 

.52 

391,557,743 

.22- 

.66 

30.1 

30.1 

1.31 

1.31 

.993 

.631 

16.2 

32.2 

10 

10 

34 

7 

Rotor 

14 

.50 

546 

.35- 

.56 

40.0 

23.9 

1.31 

1.31 

.955 

.600 

21.0 

58.0 

10 

10 

33 

8 

Rotor 

14 

.50 

552,1104,828 

.30- 

.86 

40.0 

23.9 

1.31 

1.31 

.955 

.600 

21.0 

58.0 

10 

10 

33 

9 

Rotor 

14 

.50 

552,828,1104 

.30- 

.76 

40.0 

23.9 

1.31 

1.31 

.955 

.600 

21.0 

58.0 

10 

10 

33 





1214 














10 

Stator 

14 

.53 

412,617,823 

.25- 

.74 

30.1 

30.1 

1.31 

1.31 

.970 

.587 

15.1 

39.6 

10 

10 

34 

11 

Rotor 

14 

.80 

669,753,836 

.52- 

.75 

45.2 

34.1 

1.35 

1.35 

.823 

.692 

21.4 

35.4 

6 

6 

36 

12 

Rotor 

14 

.80 

669,753,836 

.49- 

.75 

45.2 

34,1 

1.35 

1.35 

1.12 

.943 

21.4 

35.4 

6 

6 

36 

13 

Rotor 

14 

.80 

669,753,836 

.49- 

.75 

45.2 

34.1 

1.35 

1.35 

1.69 

1.35 

21.4 

35.4 

6 

6 

36 

14 

Rotor 

14 

.80 

600,736,874 

.50- 

.92 

30.3 

19.4 

1.46 

1.82 

1.20 

1.20 

42.5 

48.8 

10 

8 

17 

Circular-arc blade section 

15 

Rotor 

14 

0.4 

600,800,1000 

0.33-1 

.06 

40.3 

11.4 

2.00 

2.00 

1.-778 

0.963 

12.1 

46.7 

8 

5 

37 

16 

Rotor 

18.0 

.5 

600,700,800 

.38-1 

.07 

28.3 

7 

1.5 

1.5 

1.63 

1.03 

23.6 

46.3 

10 

6 

38 





900,1000 














17 

Rotor 

14 

.5 

600,800,900 

.37-1 

.17 

29.4 

13,7 

2.09 

2.32 

1.28 

1.04 

23.0 

44.1 

8 

5 

39 





1000 














18 

Rotor 

14 

.5 

800,900 

.55-1 

.12 

29.4 

13.7 

2.09 

2.32 

.85 

.66 

23.0 

44.1 

8 

5 

39 

19 

Rotor 

14 

.5 

800,900,1000 

.50-1 

.22 

23.1 

4.3 

1.50 

1.50 

1.40 

.825 

17.4 

51.3 

10 

5 

24 





1120 














20 

Rotor 

14 

.5 

800,900,1000 

.4 - 

.82 

23.1 

4.3 

1.50 

1.50 

1,40 

.825 

17.4 

51.3 

10 

5 

24 





1120 














21 

Stator 

17.36 

.62 

600,800,900 

.41- 

.63 

52.0 

52.0 

3.25 

3.25 

1.64 

1.07 

10.0 

10.0 

7 

7 

40 

22 

Stator 

17.36 

.60 

800,1000 

.53- 

.66 

20.6 

20.0 

2.66 

3.23 



1.45 

1.08 

34.0 

28.0 

8 

6 

13 
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a line for NACA 65 (A]_q) - series blades. 
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Figure 4. - Eqvilvalent camber angles for NACA 65 (C^^A^q) mean camber line 
as equivalent circular arc (fig. 3) . 
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Incidence angle, 1, deg 


Pig^re 5. “ Examples of typical variation of blade-element performance parameters with 
incidence angle. Transonic rotor with double -circular-arc blade sections at tip 
speed of 800 feet per second; data for blade row 17 (table I) at tip position 
(ref. 39). 
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Figure 8. - Thickness correction for zero-camber reference incidence angle 
(ref. 4) . 
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Figiire 9. - Zero-camber reference incidence angle for NACA 65-series and true 
circular-arc blades of 10-percent thickness ratio (ref. 4). 
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Figure 10. - Reference- incidence-angle slope parameter for NACA 65~series blades as equiva- 
lent circular arcs and for true circular-arc blades (ref, 4), jSs. 
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Relati-ve inlet Mach number, 


ii.gure 11. - Variation of compressor reference incidence angle minus two- 
dimensional “Cascade~rHle incldeiu:e ®igle with relative inlet Mach number 
for KA.C4 65-series hlade section. 


COBJIDllWIAL 



ccmimmiAL 



IneidenGe angle , i, deg 


Flgnre 12, - Typical variation of loss with, incidence angle for rotor 
"blade element near tip and in two-dimensional cascade for same "blade 
geometry and inlet ^fcleh. numiber. 
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Figure 13, - Varlatioa of eoB©reasor reference incidence angle minus two-dlmenalonal- 
eascade-rule incidence angle with relative inlet Mach, numher for double -circular- 
arc blade section. 
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Figure 14. - Variation of total-pressure loss parameter with diffusion factor at reference incidence 
angle for NACA 65( A^Q)-series and douhle-circular-arc blade sections. 
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Figure 15. - Thickness correction for zero-caaiber deviation angle (ref. 4). 
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Figure 18. - Solidity exponent b in deviation rule (ref. 4). 
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Figure 19. - Deviation- angle slope (d5°/di)2^D at reference incidence angle (ref. 4). 
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Figure 20. - Variation of for circular-arc compressor cascades (ref. 31). 
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Relative inlet Mach number^ 


(b) Circular-arc blade section^ 

Figure 21 » - Concluded* Variation of compressor deviation angle minus two- 
din^nsional-cascade deviation aiagle at compressor reference incidence 
angle with relative inlet Mach number* 
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Figure 22. - Variation of ccanpressor deviation angle minus deviation angle 
predicted by Carter’s rule at reference incidence angle with relative 
5%ch number for double-circular-arc blade section. 


coromiOTiAL 




COIfFIDlKTIAL 



.5 .6 .7 .8 

Relative inlet Mach number, M£ 


(h) Douhle-circulsr-arc blades. 

Figure 23. - Deduced variation of average rotor reference incidence angle mirnis low-speed two- 
dimensional-cascade -rule reference incidence angle with inlet Mach nvanber. 
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(h) Double -circular-arc blades. 

Figure 24. - Deduced variation of average rotor deviation angle minus low -speed two-dlmensional- 
cascade-inile deviation angle at compressor refereiiCe incidence angle with relative inlet Maoh 
number. 
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(a) Rotor 



Diffusion factor, D 
(Ta) Stator, 


Figure 25. - Deduced variation of total -pressure -loss parameter with diffusion factor 
at reference Incidence smgle for KA.CA 65 (A^^q) - series and double -circular-arc blades. 
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Figtare 26. - Variation of rotor relative .total- pres sure ratio with total- 
pressaire-loss coefficient and inlet Mach number. 
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Figure 27. - Variation of relative total-pressure ratio with absolute 
total- temperature ratio and efficiency for rotor. 
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Figure 28. - Variation of ratio of stage to rotor efficiency with 
rotor absolute total- pressure ratio as function of stator recov- 
ery factor. 
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AERODYNAMIC DESIGN OF AXIAL-FLOW COMPRESSORS 
VII - BLADE -ELEMENT FLOW IN ANNULAR CASCADES 


Abstract 


Annular blade-element data obtained primarily from single-stage com' 
pressor installations are correlated over a range of inlet Mach numbers 
and cascade geometry. The correlation curves are presented in such a 
manner that they are related directly to the low-speed two -dimensional- 
cascade data of part VI of this series. Thus, the data serve as both an 
extension and a verification of the two-dimensional-cascade data. In 
addition, the correlation results are applied to compressor design. 
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